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I n t r o d u c t i o n

Voltage-dependent channel block by cytoplasmic poly-
amines is a regulatory mechanism that affects many fam-
ilies of cation-selective ion channels (Bowie et al., 1999; 
Baronas and Kurata, 2014). Polyamine block was first 
described for K+ channels to account for their inward 
rectification, whereby K+ channels conduct ions more 
readily in the inward, than outward, direction (Lopatin 
et al., 1994). Although Mg2+ channel block contributes 
to the overall mechanism of inward rectification (Horie 
et al., 1987; Matsuda et al., 1987; Vandenberg, 1987), 
the discovery of polyamine block explained the steep 
voltage dependence of inward rectification as well as 
earlier observations noting that the degree of rectifica-
tion dissipated in excised patches (because of blocker 
washout; Matsuda et al., 1987; Vandenberg, 1987). 
Since then, many cation-selective ion-channel families 
have been shown to be blocked in a voltage-dependent 
manner by cytoplasmic polyamines, including AM-
PA-type (AMP​ARs) and kainate-type (KARs) ionotropic 
glutamate receptors (iGluRs; Bowie and Mayer, 1995; 
Kamboj et al., 1995; Koh et al., 1995), voltage-activated 
calcium channels (Gomez and Hellstrand, 1995), nic-
otinic acetylcholine receptors (Haghighi and Cooper, 
1998), cyclic nucleotide-gated (CNG) channels (Lu and 
Ding, 1999; Guo and Lu, 2000), MIC/TRPM7 channels 
(Kerschbaum et al., 2003), and voltage-gated sodium 

channels (Fu et al., 2012). A property that has emerged 
from this work is that some ion channels, particularly 
nonselective cation channels, are also able to flux poly-
amines from both the inside and outside of cells as a 
mechanism to relieve channel block.

AMP​ARs and KARs are nonselective cation channels 
that show appreciable block by polyamines at negative 
and positive membrane potentials near 0 mV but also 
exhibit relief of block at positive membrane potentials 
because of blocker permeation. Early studies assumed 
that the relief of polyamine block of AMP​ARs and KARs 
resulted from the permeation of the blocker at extreme 
positive membrane potentials (Bowie and Mayer, 1995; 
Bowie et al., 1999). The ability of polyamines to permeate 
KARs was then formally demonstrated by showing that 
polyamines carry inward membrane current when acting 
as the sole charge carrier in the external bathing solution 
(Bähring et al., 1997). Because relief of block was only 
evident at extreme positive membrane potentials (>50 
mV), it was assumed not to have a role in signaling at glu-
tamatergic synapses (Bowie et al., 1999; Dingledine et al., 
1999). Instead, cytoplasmic polyamines were considered 
to be tonic blockers of AMP​ARs and KARs at resting neg-
ative membrane potentials (Bowie et al., 1999; Dingle-
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dine et al., 1999). However, appreciating that auxiliary 
proteins attenuate channel block in AMP​ARs and KARs 
(Jackson and Nicoll, 2011), the potential contribution 
of blocker permeation to the overall block mechanism 
has recently been evaluated. For example, a study of ho-
momeric GluK2 KARs revealed that auxiliary proteins 
Neto1 and Neto2 relieve polyamine channel block by en-
hancing blocker permeation rates (Brown et al., 2016). 
A similar mechanism also accounts for the relief of block 
in GluK2/GluK5 KAR heteromers (Brown et al., 2016), 
suggesting that multiple structural pathways can affect 
channel block and permeation. Importantly, under both 
conditions, blocker permeation occurs at more nega-
tive and physiologically relevant membrane potentials 
(Brown et al., 2016). The AMP​AR auxiliary proteins 
stargazin (γ2) and cornichon-3 (CNIH-3) also attenuate 
polyamine block (Soto et al., 2007; Coombs et al., 2012), 
but the underlying mechanism has yet to be determined.

Here, we tested the hypothesis that γ2 and CNIH-3 
relieve polyamine channel block by enhancing blocker  
permeation rates. In agreement with that hypothe-
sis, bi-ionic experiments revealed that the permea-
bility of the polyamine spermine (Spm) relative to 
Na+ ions is substantially enhanced when AMP​ARs are 
coassembled with γ2 or CNIH-3. A modified model 
of permeant channel block fully accounts for the 
time-dependent nature of Spm block at all membrane 
potentials. Fits of the model reveal that the steepness 
of the onset and relief of block are primarily governed 
by polyamine exit rates from the channel and not by 
the rate of blocker binding. As such, cytoplasmic poly-
amines act on AMP​ARs through two distinct mecha-
nisms, whereby Spm acts as a channel blocker but also 
as a permeant ion with a significant contribution to 
the overall charge transfer.

M at e ria   l s  a n d  m e t h o d s

Plasmids and molecular biology
All experiments were performed using cDNA of rat 
GluA2(Q)i and GluA2(Q)i-γ2 (in tandem; Dawe et al., 
2016) in pRK5 and human CNIH-3 in pCMV-SPO​RT6. 
The sequence encoding for GCaMP6s and a P2A se-
quence were upstream of GluA2 to identify transfected 
cells. GluA2-γ2 was cotransfected with a plasmid en-
coding enhanced green fluorescent protein (eGFP) to 
identify transfected cells.

Cell culture and transfection
HEK293T/17 cells (ATCC) were maintained in MEM 
containing GlutaMAX supplemented with 10% fetal 
bovine serum (Invitrogen). Cells were plated at low density 
(1.6 × 104 cells/ml) on poly-d-lysine–coated, 35-mm, plastic 
dishes and were transiently transfected 48 h later using 
the calcium phosphate technique, as previously described 
(Brown et al., 2016). A GluA2​:CNIH​-3 cDNA molar ratio 

of 1:2 was used, and 30 µM DNQX was included in the 
medium after transfection to prevent cell death.

Electrophysiological recordings
Experiments were performed 24–48 h after transfection. 
Agonist solutions were rapidly applied to outside-out 
patches excised from transfected cells using a piezo-
electric stack (Physik Instrumente). Solution exchange 
(10–90% rise time of 250–350 µs) was determined by 
measuring the liquid junction current at the end of an 
experiment. All recordings were performed using an 
Axopatch 200B (Molecular Devices) with thick-walled, 
borosilicate glass pipettes (3–6 MΩ) coated with dental 
wax to reduce electrical noise. Current records were fil-
tered at 10 kHz and digitized at 100 kHz for block rate 
experiments and were filtered at 5 kHz and digitized at 
25 kHz for Spm permeation experiments. Series resis-
tance (3–12 MΩ) was compensated by 95%. Recordings 
were performed at a range of holding potentials from 
−100 to 130 mV to study polyamine channel block. 
Data acquisition was performed using pClamp10 soft-
ware (Molecular Devices) and was tabulated using Excel 
(Microsoft Corp.). All experiments were performed at 
room temperature.

All chemicals were purchased from Sigma-Aldrich, 
unless otherwise indicated. The external solution 
contained (in mM) 150 NaCl, 5 HEP​ES, 0.1 MgCl2, 
and 0.1 CaCl2, pH 7.3–7.4. Low divalent concentra-
tions were used to avoid substantial divalent channel 
block but still promote the formation of GΩ patch 
seals (Wong et al., 2007). The internal solution con-
tained (mM) 115 NaCl, 10 NaF, 5 HEP​ES, 5 Na4BAP​
TA (Life Technologies), 1 MgCl2, 0.5 CaCl2, and 10 
Na2ATP, pH 7.3–7.4. The osmotic pressure of all 
solutions was adjusted to 295–300 mOsm with su-
crose. In polyamine block experiments, Na2ATP in 
the internal solution was replaced with 10–100  µM 
Spm (from a concentrated stock solution), and the 
osmotic pressure was adjusted to 295–300 mOsm 
with sucrose. For polyamine permeation experi-
ments, the 150 mM NaCl in the external solution was 
replaced with 90 mM Spm, pH was adjusted to 7.3–
7.4 using the free base of Spm, and the osmotic pres-
sure was adjusted with sucrose. Concentrated (10×) 
agonist stock solutions were prepared by dissolving 
l-glutamate in the appropriate external solution and 
adjusting the pH to 7.3–7.4 and were stored frozen 
at −20°C. Stocks were thawed on the day of the ex-
periment and used to prepare agonist-containing ex-
ternal solutions.

Data analysis and fitting
Relative Spm permeability (PSpm/PNa) was calculated 
from the reversal potential (Vrev) measurements in 
90  mM Spm external solutions using the following 
equation from Bähring et al. (1997) (Eq. 1):
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	​​ I​ x​​  = ​ P​ x​​ ​z​​ 2​​​(​​​ ​V​ m​​ ​F​​ 2​ _ RT  ​​)​​​​​
⎛
 ⎜ 

⎝
​​​ 
​​[​​X​]​​​ i​​ − ​​[​​X​]​​​ o​​ exp​​(​​​ − zF ​V​ m​​ _ RT  ​​)​​​

  _________________  
1 − exp​​(​​​ − zF ​V​ m​​ _ RT  ​​)​​​

 ​​
⎞
 ⎟ 

⎠
​​​,​� (1)

where Ix is the current carried by ion X at a membrane 
potential Vm, Px is the corresponding permeability 
(PNa = 1), [X]i and [X]o are the internal and external 
Spm concentrations, z is the valence, F is Faraday’s 
constant, R is the gas constant, and T is the tempera-
ture in Kelvin. Experimentally determined reversal 
potentials were used for Vm. We obtained PSpm/PNa 
using the definition that INa + ISpm = 0 at the reversal 
potential. Reversal potentials were estimated by fit-
ting the I–V relationships with polynomial functions 
and determining V at I = 0 pA and were corrected 
for liquid-junction potentials that were determined 
experimentally.

Agonist-evoked membrane conductance (G) was cal-
culated using Eq. 2:

	​ G  =    ​  I _______ (V − ​V​ rev​​)
 ​,​� (2)

where I is the current at the V holding potential and Vrev 
is the reversal potential.

Single permeant blocker model
Conductance–voltage (G–V) relationships were fit 
using Origin 7 (OriginLab) with the following equation 
from Bowie et al. (1998) (Eq. 3a):

	​ G  =    ​  ​G​ max​​ _______ 
1 + ​ 

[Spm]
 ______ ​K​ d​​

 ​
 ​,​� (3a)

where Gmax is the maximal conductance, [Spm] is 
the internal Spm concentration, and Kd is the disso-
ciation constant.

For fits of the G–V relationships using the Woodhull 
model, Kd was defined as shown in Eq. 3b:

	​​ K​ d​​  =    ​K​ d(0)​​ exp​​(​​​ − ​V​ m​​ zθF _ RT  ​​)​​​,​� (3b)

where Kd(0) is the dissociation constant at 0 mV, Vm is the 
membrane potential, z is the valence of the polyamine, 
θ is the fraction of the membrane electric field mea-
sured from the intracellular face of the membrane, and 
F, R, and T are the same as in Eq. 1.

Kd was defined as shown in Eq. 4a:

	​​ K​ d​​  = ​ 
​k​ off​​ + ​k​ perm​​

 _______ ​k​ on​​
 ​   = ​ 

sum of exit rates
  _____________ binding rate ​​�  (4a)

and was then redefined as shown in Eq. 4b:

	​​ K​ d​​  =  g exp ​​(​​​V ⁄ h​​)​​​ + L exp ​​(​​​V ⁄ k​​)​​​,​� (4b)

where h and k represent the voltage dependence of g 
(koff/kon) and L (kperm/kon), respectively.

Voltage (V)-dependent binding (kon), unbinding 
(koff), and permeation (kperm) rates were defined as pre-

viously defined in Bowie et al. (1998) and Brown et al. 
(2016) (Eqs. 5, 6, and 7):

	​​ k​ on​​  =  a exp ​​(​​​V ⁄ b​​)​​​​� (5)

	​​ k​ off​​  =  c exp ​​(​​​V ⁄ d​​)​​​​� (6)

	​​ k​ perm​​  =  e exp ​​(​​​V ⁄ f​​)​​​,​� (7)

where a, c, and e are the rates of binding, unbinding 
and permeation, respectively; and b, d, and f are their 
respective voltage dependence constants.

Auxiliary proteins affect the voltage-dependent con-
ductance of KARs under basal conditions within the 
range of ±100 mV (Brown et al., 2016). To account for 
these differences, the intrinsic G–V relationships were 
fit with Eq. 8 using Origin 7:

	​ G  = ​​ (​​1 + ​​(​​​G​ 0​​ − 1​)​​​exp ​​(​​​ V _ ​V​ c​​
 ​​)​​​​)​​​,​� (8)

where G0 is the minimal conductance, and Vc is a 
voltage constant.

Current relaxations over time t by polyamine block 
were fit to function I(t,V) in Eq. 9:

	​ I​​(​​t, V​)​​​  = ​​ (​​​I​ 0​​ − ​I​ ∞​​​)​​​​e​​ −​​(​​​​[​​Spm​]​​​​k​ on​​+​k​ off​​+​k​ perm​​​)​​​t​ + ​I​ ∞​​,​� (9)

where I0 is the current value before blocker entry, and I∞ 
is the stable current value after decay by blocker entry. 
I0 was estimated using an exponential fit. I∞ can be rep-
resented as follows (Eq. 10):

	​​ I​ ∞​​  = ​   ​I​ 0​​ _______ 
1 + ​ 

​[​​Spm​]​​ _____ ​K​ d​​
 ​

 ​.​� (10)

To compare the fit block rate constants with those ob-
tained with the G–V relationships, we redefined the con-
stants in Eq. 3a to the following (Eqs. 11, 12, 13, and 14):

	​ g  = ​  c __ a ​​� (11)

	​ L  = ​  e __ a ​​� (12)

	​ h  = ​   bd ____ b − d ​​� (13)

	​ k  = ​ 
bf
 ___ b − f ​.​� (14)

Modified permeant blocker model with two 
conductances (two-conductance model)
G–V relationships were fit using MatLab with Eq. 15:

	​​   G ____ ​G​ max​​
 ​  = ​ 

​
​k​ off​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ 1​​​)​​​ + ​k​ 1​​ ​k​ perm​​+

​   
​ 
​G​ Spm​​

 ____ ​G​ Na​​
 ​​​(​​​k​ perm​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ ​1​​ ‘​​​​)​​​ + ​k​ ​1​​ ‘​​​ ​k​ off​​​)​​​

​

   ______________________________________________   
​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ ​1​​ ‘​​​ + ​k​ 1​​​)​​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ off​​ + ​k​ perm​​​)​​​

 ​,​� (15)
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where Gmax is the maximal conductance, [Spm] is the 
internal Spm concentration, and kon, koff, kperm, k1, 
and k1′ are as defined in Eqs. 5, 6, and 7, and Fig. 6 A. 
GSpm/GNa is the ratio of the Spm conductance over 
the Na+ conductance and was obtained as follows 
(Eqs. 16 and 17):

	​​
​ 
​G​ Spm​​

 ____ ​G​ Na​​
 ​​​(​​V  ≠  0​)​​​ =

​  
​​|​​16​​(​​​ 

​P​ Spm​​
 _ ​P​ Na​​
 ​​)​​​​​(​​​ 

​​[​​Spm​]​​​ i​​​​(​​1 − ​e​​ ​−FV ⁄ RT​​​)​​​
  ______________________   

​​(​​1 − ​e​​ ​−4FV ⁄ RT​​​)​​​​​(​​​​[​​Na​]​​​ i​​ − ​​[​​Na​]​​​ o​​ ​e​​ ​
−4FV ⁄ RT​​​)​​​

 ​​)​​​​|​​​
​​� (16)

	​​ 
​G​ Spm​​

 ____ ​G​ Na​​
 ​​​(​​V  =  0​)​​​  = ​​ |​​16​​(​​​ 

​P​ Spm​​
 _ ​P​ Na​​
 ​​)​​​​​(​​​ 

​​[​​Spm​]​​​ i​​ _____________  4​​(​​​​[​​Na​]​​​ i​​ − ​​[​​Na​]​​​ o​​​)​​​ ​​)​​​​|​​​,​� (17)

where PSpm/PNa was taken from the permeability exper-
iments as described in Eq. 1.

Current relaxations over time t by polyamine block 
were fit to the function I2(t,V) (Eqs. 18, 19, 20, 21, 
22, 23, and 24):

	​​

​I​ 2​​​​(​​t, V​)​​​ =

​ 
​I​ 0​​​​

⎡

 ⎢ 

⎣

​​​

​​(​​​m​ 1​​​​(​​1 − ​n​ N​a​ ∞​​​​​)​​​ − ​ 
​G​ Spm​​

 _ ​G​ Na​​
 ​ ​m​ 2​​ ​n​ Sp​m​ ∞​​​​​)​​​​e​​ −​μ​ 1​​t​+

​   ​​(​​​​(​​1 − ​m​ 1​​​)​​​​​(​​1 − ​n​ N​a​ ∞​​​​​)​​​ − ​ 
​G​ Spm​​

 _ ​G​ Na​​
 ​​​(​​1 − ​m​ 2​​​)​​​​n​ Sp​m​ ∞​​​​​)​​​​e​​ −​μ​ 2​​t​+​    

​n​ N​a​ ∞​​​​ + ​ 
​G​ Spm​​

 _ ​G​ Na​​
 ​ ​n​ Sp​m​ ∞​​​​

  ​​

⎤

 ⎥ 

⎦

​​​,
​​� (18)

where

	​​ μ​ 1​​  = ​ k​ ​1​​ ‘​​​ + ​k​ 1​​ + ​​[​​Spm​]​​​​k​ on​​​� (19)

	​​ μ​ 2​​  = ​​ [​​Spm​]​​​​k​ on​​ + ​k​ off​​ + ​k​ perm​​​� (20)

	​​ m​ 1​​  = ​ 

​

⎛

 ⎜ 

⎝

​​​ 

​

​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ off​​ + ​k​ perm​​​)​​​ ×

​  ​​(​​​k​ ​1​​ ‘​​​ + ​k​ 1​​ + ​​[​​Spm​]​​​​k​ on​​​)​​​ ×​  

​​(​​​k​ ​1​​ ‘​​​ + ​​[​​Spm​]​​​​k​ on​​​)​​​

 ​

  _______________________________________________   
​
​k​ ​1​​ ‘​​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ off​​ + ​k​ perm​​​)​​​+

​   
​​[​​Spm​]​​​​k​ on​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ 1​​ + ​k​ perm​​​)​​​

​

 ​ − ​μ​ 2​​​

⎞

 ⎟ 

⎠

​​

   ____________________________________________  ​μ​ 1​​ − ​μ​ 2​​ ​​
�	
 
� (21)

	​​ m​ 2​​  = ​ 
​(​​​ 

​k​ ​1​​ ‘​​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ off​​ + ​k​ perm​​​)​​​​​(​​​k​ ​1​​ ‘​​​ + ​k​ 1​​ + ​​[​​Spm​]​​​​k​ on​​​)​​​
   ________________________________   

​k​ perm​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ ​1​​ ‘​​​​)​​​ + ​k​ ​1​​ ‘​​​ ​k​ off​​
 ​  − ​μ​ 2​​​)​​

    _______________________________  ​μ​ 1​​ − ​μ​ 2​​ ​​�   
� (22)

	​​ n​ N​a​ ∞​​​​  = ​ 
​k​ off​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ 1​​​)​​​ + ​k​ 1​​ ​k​ perm​​

   ______________________________   
​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ ​1​​ ‘​​​ + ​k​ 1​​​)​​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ off​​ + ​k​ perm​​​)​​​

 ​​� (23)

	​​ n​ Sp​m​ ∞​​​​  = ​ 
​k​ perm​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ ​1​​ ‘​​​​)​​​ + ​k​ ​1​​ ‘​​​ ​k​ off​​   ______________________________   

​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ ​1​​ ‘​​​ + ​k​ 1​​​)​​​​​(​​​​[​​Spm​]​​​​k​ on​​ + ​k​ off​​ + ​k​ perm​​​)​​​
 ​.​� (24)

All the fits were performed using the Levenberg-Mar-
quardt method. A program that performs those tasks 
was written in MatLab.

Statistics
Statistical analysis was performed using the statistical 
software SPSS Statistics (IBM Corporation). Data were 
assumed to be distributed normally. The numbers pro-
vided for n refer to the number of individual patches.

All data were illustrated using Origin 7 and Adobe  
Illustrator.

Online supplemental material
Fig. S1 is an extension of Fig. 5 and includes highlights 
of the electrophysiological traces and I–V relationships 
near the reversal potential.

R e s u lt s

AMP​AR auxiliary proteins γ2 and CNIH-3 
regulate channel gating
Two commonly occurring auxiliary subunits, γ2 and 
CNIH-3 (Jackson and Nicoll, 2011), were chosen to 
study how auxiliary proteins regulate the functional 
behavior of AMP​ARs. To do that, electrophysiological 
experiments were performed in outside-out patches ex-
cised from HEK293T cells transfected with cDNA encod-
ing a GluA2/TARP tandem construct (i.e., GluA2-γ2) 
or separate cDNAs for GluA2 and CNIH-3 (i.e., GluA2 + 
CNIH-3). Cells transfected with cDNA for GluA2 alone 
were used as controls. Agonist-evoked membrane cur-
rents were elicited with a near-saturating concentration 
of the neurotransmitter l-glutamate (10 mM l-Glu, 200 
ms duration) using a rapid concentration clamp perfu-
sion system (Bowie, 2002).

The functional assembly of γ2 or CNIH-3 with GluA2 
subunits was confirmed by observing a slowing in the 
rate of macroscopic desensitization and an increase in 
equilibrium desensitization (Fig. 1, A–C), as described 
previously (Tomita et al., 2005; Schwenk et al., 2009; 
Coombs et al., 2012; Dawe et al., 2016). The weighted τ 
values for the rate of macroscopic desensitization were 
18.6 ± 3.7 ms (n = 19) and 37.5 ± 3.7 ms (n = 15) in 
patches excised from cells expressing GluA2-γ2 and 
GluA2 + CNIH-3, respectively, which corresponded to 
a two- to fourfold slowing of desensitization compared 
with GluA2 alone (8.6 ± 1.0 ms, n = 15; Fig. 1 D). Likewise, 
the increase in equilibrium desensitization, as indicated 
by the change in the steady-state/peak response ratio 
(ss/pk ratio), was ∼7–10-fold larger with GluA2-γ2 (ss/
pk ratio, 0.22 ± 0.03, n = 19) and GluA2 + CNIH-3 (ss/
pk ratio, 0.32 ± 0.05, n = 15) compared with GluA2 alone 
(ss/pk ratio, 0.03 ± 0.01, n = 15; Fig. 1 E). There was 
a positive correlation between the rate of macroscopic 
desensitization (i.e., weighted τ) and equilibrium desen-
sitization (i.e., ss/pk ratio) for GluA2 + CNIH-3 (Fig. 1 F, 
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linear regression, n = 15 patches, Pearson’s r = 0.6104, 
P = 0.01566), which presumably reflects the patch-to-
patch variation in the stoichiometric assembly of GluA2 
+ CNIH-3 complexes. Although that variability would 
be expected to be absent from patches expressing the 
GluA2-γ2 tandem construct, the ss/pk ratio remained 
highly variable (range, 0.06–0.56) between different re-
cordings, although it did not correlate with the rate of 
desensitization (range, 8.1–75.2 ms). In agreement with 
this, there was no statistically significant correlation be-
tween these two parameters (linear regression, n = 19 
patches, Pearson’s r = −0.21297, P = 0.38135; Fig. 1 F).

AMP​AR auxiliary proteins γ2 and CNIH-3 attenuate 
polyamine channel block
To investigate the channel block mechanism, we de-
signed experiments to observe the time course of poly-
amine block over a range of membrane potentials. To do 
this, each outside-out patch was held at a holding poten-
tial of −100 mV and then stepped in 10-mV decrements 
(range, 130 to −100 mV) to observe the onset of block by 
intracellular spermine (10–30 µM Spm; Fig. 2, see Mate-
rials and methods). Agonist-evoked membrane currents 
were elicited by 10 mM l-Glu in the continued presence 

of 100 µM cyclothiazide to minimize AMP​AR desensi-
tization during the voltage step protocol (Fig.  2  A). 
Responses were then leak subtracted by repeating the 
voltage step protocol without agonist present.

In the absence of intracellular polyamines, the ampli-
tude of agonist-evoked membrane current was non-de-
caying at all membrane potentials tested (Fig. 2, B, E, 
and H, left), suggesting that open-channel probability 
is unchanged during the duration of the voltage step. 
However, the equilibrium current-voltage (I–V) rela-
tionship for GluA2 AMP​ARs varied in the degree of 
outward rectification when expressed with or without 
auxiliary proteins (open symbols, Fig.  2, C, F, and I). 
Outward rectification was greater for GluA2 receptors 
alone, with a rectification ratio (80/−80 mV ratio) of 
1.5 ± 0.1 (n = 5), compared with 1.1 ± 0.1 (n = 4) and 1.1 
± 0.1 (n = 3) for cells expressing GluA2-γ2 and GluA2 
+ CNIH-3, respectively (Fig.  2, D, G, and J). The oc-
currence of outward rectification has been explained 
by voltage-dependent differences in the open-channel 
probability of AMP​ARs (Prieto and Wollmuth, 2010). 
Similar differences in the degree of outward rectifica-
tion have been observed for GluK2 kainate receptors 
(KARs) expressed with or without the auxiliary proteins 

Figure 1.  Auxiliary proteins regulate the gating properties of AMP​ARs. (A–C) Example electrophysiological responses from 
GluA2 (A; patch 150911p1), GluA2-γ2 (B; patch 151126p5), and GluA2 + CNIH-3 (C; patch 151109p4) evoked by 10 mM l-Glu (200 
ms, holding potential = −60 mV) in the presence of 150 mM NaCl(o). (D and E) Summary of the decay kinetics (D) and equilibrium 
currents (ss/pk ratio; E) for GluA2, GluA2-γ2, and GluA2 + CNIH-3. Data are means ± SEM. (F) Scatter plot showing the relationship 
between the decay kinetics (weighted τ) and the ss/pk ratio for each receptor complex.
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Neto1 and Neto2 (Brown et al., 2016), suggesting that 
the open-channel probability of KARs is similarly volt-
age dependent and regulated by auxiliary proteins. To 
more accurately define the degree of outward rectifica-

tion, conductance-voltage (G–V) plots were fit with Eq. 
8 (Fig. 2, D, G, and J, solid line; also see Materials and 
methods; Bowie et al., 1998; Brown et al., 2016), and 
the fit parameters were used to correct for the intrinsic 

Figure 2. C hannel block of AMP​ARs in the presence of auxiliary proteins. (A) Schematic of the experimental protocol. (B, E, 
and H) Raw current traces evoked by 10 mM l-Glu in the presence of 100 µM cyclothiazide, in control or 30 µM Spm(i), after voltage 
steps (range, −100 to 130 mV; Δ10 mV; GluA2, patches 150724p1 [Ctrl] and 150911p1 [Spm; B], GluA2-γ2, patches 150723p3 [Ctrl} 
and 151126p5 (Spm; E), GluA2 + CNIH-3, patches 151203p1 [Ctrl] and 151109p4 [Spm; H]). (C, F, and I) I–V plots for each receptor 
complex. Mean I–V plots in the absence of Spm(i) are shown in open symbols (GluA2, n = 5; GluA2-γ2, n = 4; GluA2 + CNIH-3, n = 
3). I–V plots of the peak responses (100–200 µs after the voltage steps) are in black, and equilibrium I–V plots are in gray. (D, G, and 
J) Mean G–V plots (calculated using Eq. 2) for each receptor complex. G–V plots in the absence of Spm(i) are in white, raw G–V plots 
with 30 µM Spm(i) are in gray, and corrected G–V plots (see Materials and methods) are colored. Data are means ± SEM.
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outward rectification (see Fig. 2, D, G, and J). A sum-
mary of the fit parameters is listed in Table 1.

Unlike control experiments, AMP​AR-mediated mem-
brane currents observed with each voltage step exhib-
ited a time-dependent decay when Spm (30 µM, n = 7) 
was included in the internal pipette solution (Fig. 2, B, 
E, and H, right). This observation is consistent with an 
open-channel block mechanism (Bowie et al., 1998). In 
agreement with this, I–V plots obtained by measuring 
the current response immediately after the settling of 
the voltage step (i.e., 100–200 µs) were outwardly rec-
tified, showing little sign of channel block (Fig.  2, C, 
F, and I), whereas I–V plots of equilibrium current re-
sponses measured 40–45 ms after the voltage step were 
birectifying in nature (Fig.  2, C, F, and I; Bowie and 
Mayer, 1995). In agreement with previous studies (Soto 
et al., 2007, 2014; Coombs et al., 2012), the degree of 
inward rectification observed at positive membrane po-
tentials was greater for GluA2 alone, with a rectification 
ratio (80/−80 mV) of 0.49 ± 0.04 (n = 5), compared 
with 0.87 ± 0.02 (n = 9) and 0.73 ± 0.04 (n = 11) for 
patches expressing GluA2-γ2 and GluA2 + CNIH-3, re-
spectively (Fig. 2, C, F, and I). To estimate the degree 
of inward rectification observed under equilibrium 
block conditions, G–V plots were constructed and 
corrected for intrinsic outward rectification (Fig. 2 D, 
G, and J), as described previously (Bowie et al., 1998; 
Brown et al., 2016).

Analysis of polyamine block of AMP​ARs with a single 
permeant blocker model
Corrected G–V plots were fit with a single binding site 
model of channel block (Fig. 3 A) to estimate the dis-
sociation constant for Spm at 0 mV [Kd(0mV)] as well the 
voltage dependence of block, as described previously 
for KARs (Bowie et al., 1998; Brown et al., 2016). For 
GluA2 alone, the birectifying nature of the G–V plot was 

well fit at all Spm concentrations tested (10–30 µM; not 
depicted). Fig. 3 B shows the mean G–V plot for GluA2 
with 30 µM Spm (left) as well as the data fits from in-
dividual patch recordings (right). From those fits, the 
Kd(0mV) value was estimated to be 2.8 ± 0.4 µM (n = 3), 
4.0 ± 1.2 µM (n = 3), and 4.3 ± 0.6 µM (n = 5) for 10, 
20, and 30 µM Spm(i), respectively (not depicted). One-
way ANO​VA determined that these values were not sta-
tistically different from one another (F2,8 = 0.955, P = 
0.425), and the data were pooled. Similarly, the voltage 
dependence for the onset and relief of the block were 
comparable between different Spm concentrations (not 
depicted). The pooled fit parameters estimated Kd(0mV) 
to be 3.7 ± 0.4 µM (n = 12) with the voltage dependence 
for the onset and relief of block to be −11.8 ± 0.4 mV 
and 24 ± 4 mV, respectively (Table 2).

In addition to fitting equilibrium channel block 
data, we also estimated the rate constants for binding 
(kon), unbinding (koff) and permeation (kperm) of Spm 
by fitting the current relaxations after each voltage 
step (Fig. 3 C), as described previously for GluK2 KARs 
(Bowie et al., 1998). Membrane current relaxations 
were fit well with the model at almost all membrane 
potentials except at values >100 mV, where the relief 
of block dominates (Fig. 3 C, left). Fitting the current 
relaxations within this range (i.e., −100 to 100 mV) 
allowed us to estimate the rate constants for Spm bind-
ing, unblock, and permeation (Fig. 3 C and Table 3). 
Based on these fits, the sum of the rate constants pre-
dicted well the experimentally observed current relax-
ations at membrane potentials between −100 and 100 
mV (Fig. 3 C, right). The rate of Spm binding to GluA2 
was close to the diffusion limit (kon = 29 ± 5 µM−1 s−1) 
but weakly voltage sensitive, increasing e-fold per 113 
± 13 mV change in the membrane potential (n = 7, 
Table 3). In contrast, rates of unbinding and perme-
ation were steeply voltage dependent, changing e-fold 
per −19 ± 1 and 20 ± 3 mV change in membrane po-
tential, respectively (n = 7, Table 3). Consequently, the 
steepness of the polyamine block of AMP​ARs, similar 
to that of KARs (Bowie et al., 1998; Brown et al., 2016), 
is almost entirely reliant on the voltage dependence of 
koff and kperm, with a much smaller contribution by kon 
(Fig. 3 C, right).

Table 1.  Fit parameters for intrinsic G–V relationships

Receptor G0 Vc

GluA2 1.2674 96.2
GluA2-γ2 1.1815 140.0
GluA2 + CNIH-3 1.0604 104.3

Table 2. E quilibrium spermine block in GluA2 receptors

Receptor Kd(0mV) h (mV)/δ (1–θ) k (mV) n

Mean SEM Mean SEM Mean SEM

Permeant blocker model h (mV)
GluA2 3.7 0.4 −11.8 0.4 24 4 12

Woodhull model δ (1–θ)
GluA2 3.7 0.5 0.48 0.02 12
GluA2-γ2 41 3 0.61 0.03 19
GluA2 + CNIH-3 11 2 0.48 0.04 12

Dissociation constants were obtained by fitting the equilibrium G–V relationships.
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Corrected G–V plots obtained from patches express-
ing GluA2-γ2 and GluA2 + CNIH-3 channel complexes 
revealed that both auxiliary proteins attenuate poly-
amine block of GluA2 AMP​ARs (Fig. 4). In each case, 
however, the single permeant blocker model consis-
tently failed to accurately fit the relief of polyamine 
block at positive membrane potentials, a finding we 
have previously noted for GluK2 KARs in complex 
with Neto1 or Neto2 (Brown et al., 2016). Fig. 4 (A 
and C) show the mean G–V plots for GluA2-γ2 and 

GluA2 + CNIH-3, respectively, with 30 µM Spm (left) 
and fits with the single permeant blocker model to 
data from individual patch recordings (right). Given 
that the model failed to describe the G–V relationship 
at positive membrane potentials, we fit each G–V plot 
with the Woodhull model (Fig.  4, B and D), which 
is a nonpermeant model of channel block (Wood-
hull, 1973) that describes the portion of the G–V plot 
that corresponds to the onset of block at negative 
membrane potentials. Using this approach, we esti-

Table 3. S permine block rates in GluA2 receptors

Receptor Permeant blocker model n

kon koff kperm Kd(0mV)

a (µM−1s−1) b (mV) c (s−1) d (mV) e (s−1) f (mV) (µM)

GluA2 29 113 156 −19 32 20 6 7
SEM 5 13 30 1 16 3 1

Block rate parameters were obtained by fitting the current relaxation after the voltage steps.

Figure 3.  Analysis of a polyamine block of GluA2 
AMP​ARs with a single permeant blocker model. 
(A) The permeant blocker model, in which B de-
notes a blocked (nonconducting) state, and ONa 
denotes a Na+-conducting state. The binding, un-
binding, and permeation rates are denoted as kon, 
koff, and kperm, respectively. PA, polyamine. A graph-
ical representation of the model is shown on the 
right. (B) Mean (left) and individual (right) fits of 
the corrected G–V plots with the permeant blocker 
model for GluA2 (Eq. 3a). (C) Example traces show-
ing fits of the GluA2 current relaxation (Eq. 9) in-
duced by 20 µM Spm(i) with the permeant blocker 
model (left; patch 151023p3). (Right) The estimated 
rate constants and the sum of those rate constants. 
Model-independent exponential fits of the data 
with 30 µM Spm(i) (circles) are well predicted by the 
model values at most membrane potentials. Data 
are shown as means ± SEM.
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mated Kd(0mV) and the voltage dependence of block 
(zδ) for the data from patches containing GluA2-γ2 
and GluA2 + CNIH-3. Estimates of Kd(0mV) and zδ val-
ues were similar with different Spm concentrations 
(not depicted), and the data were, therefore, pooled. 
Using the Woodhull model, the mean Kd(0mV) was es-
timated to be 41 ± 3 µM (n = 19) and 11 ± 2 µM (n = 
12) for GluA2-γ2 and GluA2 + CNIH-3, respectively, 
compared with 3.7 ± 0.5 µM (n = 12) for GluA2 alone 
(Table 2). Assuming that Spm has a valency of 4, the 
δ values were estimated to be 0.61 ± 0.03 (n = 19) 
and 0.48 ± 0.04 (n = 12), for GluA2-γ2 and GluA2 + 
CNIH-3, respectively, compared with 0.48 ± 0.02 (n = 
12) for GluA2 alone (Table 2). Interestingly, despite 
its more significant impact on the decay kinetics and 
steady-state current (Fig. 1), CNIH-3 was less effective 
than γ2 at reducing polyamine block of GluA2 (Figs. 
2 and 4 and Table 2).

The failure of the single permeant blocker model 
to fit data at positive membrane potentials suggests 
one of two possibilities. It could represent the exis-

tence of multiple blocked states, as described previ-
ously for polyamine block of cGMP-gated channels 
(Lu and Ding, 1999; Guo and Lu, 2000). In this case, 
the G–V relationship and its pronounced downturn 
at extreme positive membrane potentials was ex-
plained by Spm acting as both a permeant blocker 
at negative membrane potentials and a nonpermeant 
blocker, which dominated at positive potentials. The 
authors speculated that distinct modes of channel 
block may reflect different conformations of the Spm 
molecule in the pore (Lu and Ding, 1999; Guo and 
Lu, 2000). An alternative possibility is that Spm acts 
as a permeant channel blocker but that permeation 
of Spm contributes to the overall AMP​AR conduc-
tance, particularly at high membrane electric field 
strengths. This mechanism would account for the 
complex shape of the G–V relationship, including 
its pronounced downturn at positive membrane po-
tentials. In keeping with this, we have recently shown 
that GluK2 KARs in complex with the auxiliary sub-
units Neto1 or Neto2 exhibit appreciable permeation 

Figure 4.  G–V plots with auxiliary proteins are poorly fit by the permeant blocker model. (A and C) Mean (left) and individual 
(right) fits of the corrected G–V plots with the permeant blocker model (Eq. 3a) for GluA2-γ2 (A) and GluA2 + CNIH-3 (C). The 
continuous black lines indicate fits of the data; the continuous blue lines illustrate the fit of the GluA2 data for comparison. (B and 
D) Mean fits using the Woodhull model (Eq. 3b) for an impermeant blocker for GluA2-γ2 (B) and GluA2 + CNIH-3 (D). Continuous 
red lines indicate fits of the data (fit range, −100 to 20 mV). Data points between 30 and 130 mV were masked. Data are shown 
as means ± SEM.
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to Spm (Brown et al., 2016), suggesting that a similar 
mechanism may occur at GluA2 AMP​ARs. To test that, 
we performed experiments to determine whether the 
association of GluA2 AMP​AR with its auxiliary pro-
teins relieved polyamine channel block by enhancing 
blocker permeation.

γ2 and CNIH-3 relieve channel block by facilitating 
polyamine permeation
To estimate Spm permeability relative to that of Na+ 
(PSpm/PNa), we measured the reversal potentials (Vrev) of 
each receptor complex in solutions in which the main 
external permeant cation was either Na+ (150 mM) or 

Figure 5. S permine permeation through GluA2(Q) is increased by auxiliary proteins. (A–C) Example traces from GluA2 (A; 
patch 151009p8), GluA2-γ2 (B; patch 151008p5), and GluA2 + CNIH-3 (C; patch 151009p9) at various potentials (range, −100 to 
100 mV, 20-mV increments) in the presence of 90 mM Spm(o). (D–F) Corresponding I–V plots, normalized to 100 mV in Spm(o), for 
the patches shown in A, B, and C (GluA2 [D], GluA2-γ2 [E], GluA2 + CNIH-3 [F]). (Insets) Mean fits of the I–V plots in the presence of 
NaCl(o) are displayed in blue, and mean I–V plots in the presence of Spm(o) are presented as means ± SEM. (G) Summary of Vrev and 
relative Spm permeability (PSpm/PNa; Eq. 1) values. Mean Vrev values in the presence of NaCl(o) are displayed in blue. Data are shown 
as means ± SEM; individual data points are shown as open circles. One-way ANO​VA for PSpm/PNa, F2,10 = 10.115. P = 0.004; *, P = 
0.016; **, P = 0.005.
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Spm (90 mM), as described previously (Brown et al., 
2016). Fig. 5 (A–C) shows typical membrane currents 
observed when the main external permeant ion was 
90 mM Spm (Fig. S1).

As expected for a cation-selective ion channel, the 
AMP​AR response observed in the presence or absence 
of auxiliary subunits reversed near 0 mV in symmetrical 
Na+ solutions (Fig. 5, D–F, insets). The Vrev for GluA2 
alone was 2.0 ± 0.1 mV (n = 6), with Vrev values for 
GluA2-γ2 and GluA2 + CNIH-3 estimated to be 2.1 ± 
0.4 mV (n = 7) and 4.2 ± 0.6 mV (n = 9), respectively 
(Fig.  5  G, left). In contrast, Vrev values were shifted 
to more positive membrane potentials when exter-
nal 150 mM Na+ ions were replaced with 90 mM Spm 
(Fig. 5, D–F). The mean Vrev for GluA2 alone was 2.9 ± 
6.0 mV (n = 4), with Vrev values for GluA2-γ2 and GluA2 
+ CNIH-3 estimated to be 18.4 ± 2.4 mV (n = 5) and 
30.2 ± 2.2 mV (n = 4), respectively (Fig. 5 G, left). The 
permeability of Spm relative to Na+ (i.e., PSpm/PNa) was 
calculated to be 0.28 ± 0.08 (n = 4) for GluA2 alone 
(Fig. 5 G, right), demonstrating that Spm is more per-
meable through AMP​ARs than GluK2 KARs (Bähring 
et al., 1997; Brown et al., 2016). The PSpm/PNa ratio was 
calculated to be 1.1 ± 0.2 (n = 5) and 4.4 ± 1.2 (n = 4) for 
GluA2-γ2 and GluA2 + CNIH-3, respectively (Fig. 5 G, 
right), which represented ∼4- and 16-fold increases in 
Spm permeation compared with GluA2 alone (one-way 
ANO​VA, F2,10 = 10.115, P = 0.004; post hoc Tukey’s hon-
estly significant difference pairwise comparisons, P = 
0.005 and 0.014 for the GluA2 + CNIH-3–GluA2 and 
GluA2 + CNIH-3–GluA2-γ2 comparisons; P = 0.636 for 
the GluA2–GluA2-γ2 comparison). Taken together, 
our data demonstrate that the auxiliary proteins, γ2 
and CNIH-3, substantially increase Spm permeation 
through the GluA2 channel pore, an effect that is even 
greater than the permeation of polyamines through 
KARs in complexes with Neto2 (Brown et al., 2016). 
Given this, we concluded that the complex nature of 
Spm block of GluA2-γ2 and GluA2 + CNIH-3 channels 
may be explained by an appreciable contribution of 
Spm permeation to the overall AMP​AR conductance.

A modified permeant blocker model accounts for the 
effects of γ2 and CNIH-3
Given the appreciable Spm permeation through GluA2 
AMP​ARs associated with auxiliary proteins, we modified 
the permeant blocker model to include an additional 
conductance state, which we termed OPA (Fig.  6  A). 
With this addition, the modified permeant blocker 
model contains three states: one of which is a blocked 
state (B, nonconducting) and two of which are open 
states (ONa and OPA; Fig. 6 A). Therefore, the two-con-
ductance model accounts for the fractional occupancy 
of the pore by spermine but now also accounts for the 
contribution of spermine transport to the overall mem-
brane conductance.

To estimate the voltage dependence of block, we fit 
the current relaxations observed after each voltage step 
with the modified permeant blocker model (Fig.  6, 
B–D). In each case, the experimental traces were well 
fit by the model at all membrane potentials and condi-
tions tested. As observed with equilibrium G–V plots, 
fits of current relaxations revealed that Spm block of 
GluA2 AMP​ARs was attenuated by coassembly with aux-
iliary subunits. Kd(0mV) was estimated to be 3.3 ± 0.5 µM 
(n = 7) for GluA2 alone, compared with 15 ± 4 µM (n = 
4) and 4.5 ± 0.9 µM (n = 5) when coassembled with γ2 
and CNIH-3, respectively (Table 4). Spm binding (kon) 
to GluA2 channels alone was also relatively voltage in-
sensitive, changing e-fold per 199 ± 94 mV membrane 
potential (n = 7, Table 4), which was similar to previ-
ous estimates using the single permeant blocker model 
(compare Fig. 3 C and Table 3). Likewise, the rates of 
koff and kperm of Spm were steeply voltage dependent, 
changing e-fold per −20 ± 1 mV (n = 7) and 19 ± 2 mV 
(n = 7) membrane potential, respectively (Table  4). 
These findings demonstrate that, although γ2 and 
CNIH-3 relieve polyamine channel block, the steepness 
of block is unchanged.

Corrected equilibrium G–V plots were then fit with 
the modified permeant blocker model to estimate the 
dissociation constant for Spm at 0 mV (Kd(0mV)) as well 
the voltage dependence of unblock and permeation. 
The birectifying nature of the G–V plot was well fit at all 
membrane potentials for all receptor complexes. Fig. 6 
(E–G) shows the mean G–V plots for GluA2 in the ab-
sence or presence of auxiliary proteins with 30 µM Spm 
(left), as well as fits of data from individual patch re-
cordings (right). From these fits, the Kd(0mV) value was 
estimated to be 1.8 ± 0.2 µM (n = 12) for GluA2 alone 
and 17.9 ± 1.5 µM (n = 19) and 5.1 ± 0.8 µM (n = 12) 
with γ2 and CNIH-3, respectively (Table 5). As before, 
the voltage dependence of the Spm unblock was not 
altered by the presence of auxiliary proteins (Table 5), 
with values of −13.4 ± 1.0 mV (n = 19) and −11.7 ± 1.1 
mV (n = 12) for γ2 and CNIH-3, respectively, compared 
with −14.1 ± 1.7 mV with GluA2 alone (n = 12; Table 5). 
Similarly, the voltage dependence of Spm permeation 
was also unchanged, with values of 15.7 ± 0.5 mV (n 
= 19) and 16.3 ± 0.7 mV (n = 12) for γ2 and CNIH-3, 
respectively, compared with 14.5 ± 1.0 mV with GluA2 
alone (n = 12; Table  5). These results are consistent 
with the estimates obtained by fitting the current relax-
ations, and they further confirm that the steepness of 
block at AMP​AR complexes is unchanged by auxiliary 
proteins. Consequently, γ2 and CNIH-3 do not atten-
uate Spm block of AMP​ARs by shifting the location of 
the block site within the membrane electric field but, 
rather, by making the exit of polyamines more energet-
ically favorable.

Fig. 7 summarizes our main findings with the modi-
fied permeant blocker model. Fig.  7 (A–C) illustrates 
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Figure 6.  Polyamine conductance contributes to the overall current. (A) A modified permeant blocker model with two conduc-
tance states (two-conductance model). The binding, unbinding, and permeation rates are as shown in Fig. 3; k1 and k1′ are transi-
tion rates between ONa and OPA. (Right) A graphical representation of the model. (B–D) Example traces showing fits of the current 
relaxations with the two-conductance permeant blocker model (Eq. 18) for GluA2 (B; 20 µM Spm(i), patch 151023p3), GluA2-γ2 (C; 
100 µM Spm(i), patch 150924p1), and GluA2 + CNIH-3 (D; 30 µM Spm(i), patch 151201p2). (E–G) Means ± SEM (left) and individual 
(right) fits of the corrected G–V plots with the two-conductance model (Eq. 15) for GluA2 (E), GluA2-γ2 (F), and GluA2 + CNIH-3 (G).
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the relative contribution of the two open states, ONa and 
OPA, to the overall AMP​AR membrane conductance. As 
expected, permeation of Spm contributed little to the 
overall conductance of GluA2 AMP​ARs alone (Fig. 7 A). 
However, complex formations with γ2 and CNIH-3 sub-
stantially increased the contribution of OPA, particu-
larly at positive membrane potentials (Fig. 7, B and C). 
This finding is further emphasized by comparing the 
relative proportion of AMP​ARs in the three different 
states (i.e., B, ONa, and OPA) at different membrane po-
tentials (Fig. 7, D–F). These plots also reveal that the 
blocked state dominates within the physiological mem-
brane potential range (i.e., −50 to 50 mV), underscor-
ing the importance of the polyamine channel block in 
shaping the signaling properties of AMP​ARs at glutama-
tergic synapses.

Di  s c u s s i o n

The present study advances our understanding of poly-
amine channel block of AMP​ARs in two important ways. 
First, we show that coassembly of GluA2 AMP​ARs with 
auxiliary subunits γ2 and CNIH-3 relieves polyamine 
channel block by enhancing blocker permeation rates. 
A similar mechanism also explains the attenuation of 
polyamine block of GluK2 KARs by Neto1 and Neto2 
(Brown et al., 2016), although Spm permeation is al-
most two orders of magnitude greater for AMP​ARs. 
From a physiological perspective, relief of polyamine 
channel block will ensure unconstrained signaling by 
AMP​ARs at glutamatergic synapses expressing γ2 and 
CNIH-3. Second, we propose that cytoplasmic poly-
amines act on AMP​ARs by behaving as both a channel 

blocker and a permeant ion that contributes apprecia-
bly to the overall charge transfer. Whether these dif-
ferent mechanisms can be explained by the blocker 
molecule adopting two distinct conformations in the 
pore, as proposed for channel block of cyclic nucleo-
tide-gated channels (Lu and Ding, 1999) or K+ channels 
(Miller, 1982), awaits future study.

Structural and functional basis of polyamine permeation
The structural mechanism by which AMP​AR and KAR 
auxiliary proteins attenuate polyamine block is still un-
resolved. Initial studies proposed a charge screening 
mechanism for relieving polyamine block, whereby pos-
itively charged residues in the C-terminal tails of TARP 
(Soto et al., 2014) and Neto (Fisher and Mott, 2012) 
auxiliary proteins interact with the cytoplasmic portion 
of the AMP​AR and KAR pore, respectively. This charge 
screening mechanism would be expected to affect the 
ability of the blocker to reach its block site. However, 
given that the rate of channel block (i.e., kon) estimated 
in this study is unchanged when AMP​ARs coassem-
ble with γ2 and CNIH-3, an alternative explanation is 
needed to describe the effects of auxiliary proteins on 
channel block. Because AMP​AR and KAR auxiliary pro-
teins primarily affect blocker exit rates from the open 
channel (i.e., koff and kperm), it can be concluded that 
they attenuate block by curtailing the time the blocker 
molecule resides at its block site. As such, it would be 
expected that auxiliary subunits alter the properties of 
the pore, making it unfavorable for channel block, as 
already proposed for heteromeric KARs (Brown et al., 
2016). In agreement with this, several conserved resi-
dues along the M3 helix of KARs that are adjacent to 

Table 4. S permine block rates in GluA2 receptors with auxiliary proteins

Receptor Two-conductance permeant blocker model n

kon koff kperm k1 k1' Kd(0mV)

a (µM−1s−1) b (mV) c (s−1) d (mV) e (s−1) f (mV) (µM)

GluA2 31 199 184 -20 23 19 4.55E+09 2.95E+07 3.3 7
SEM 6 94 44 1 9 2 1.93E+09 2.04E+07 0.5
GluA2-γ2 24 369 499 -13 131 16 1.67E+08 4.16E+07 15 4
SEM 8 223 147 1 25 2 1.64E+08 4.12E+07 4
GluA2 + CNIH-3 44 291 313 -19 53 15 2.10E+09 1.29E+06 4.5 5
SEM 16 139 81 3 29 2 1.98E+09 1.06E+06 0.9

Block rate parameters were obtained by fitting the current relaxation after the voltage steps.

Table 5. E quilibrium spermine block using the two-conductance model

Receptor Kd(0mV) (µM) h (mV) k (mV) n

Mean SEM Mean SEM Mean SEM

GluA2 1.8 0.2 −14.1 1.7 14.5 1.0 12

GluA2-γ2 17.9 1.5 −13.4 1.0 15.7 0.5 19
GluA2 + CNIH-3 5.1 0.8 −11.7 1.1 16.3 0.7 12

Values were obtained by fitting the equilibrium G–V relationships; h and k were calculated using the mean b value in Table 4.
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the pore are crucial in determining the degree of poly-
amine block (Wilding et al., 2010; Lopez et al., 2013). 
Likewise, Neto2 interacts with the M3-S2 linker of KARs 
(Griffith and Swanson, 2015), which may, in turn, affect 
the positioning of the pore-lining helices. By interact-
ing with pore-lining or adjacent residues, auxiliary pro-
teins may alter the architecture of the pore, affecting 
the ability of polyamines to block. More recent work 
has identified a group of transmembrane residues that 
are critical for γ2 and CNIH-3 modulation of AMP​AR 
gating, which have yet to be tested for their effect on 
polyamine channel block (Hawken et al., 2017). Inter-
estingly, auxiliary proteins were also shown to increase 
the Ca+ permeability through recombinant GluA1  
AMP​ARs (Coombs et al., 2012). Consequently, addi-
tional work is still needed to provide a structural un-
derstanding of how auxiliary proteins alter the pore 
properties of AMP​ARs and KARs.

Does polyamine permeation have a role in regulating 
cellular polyamine levels?
Polyamines are essential for life and fulfill many roles, 
such as regulating protein and nucleic acid synthesis and 
structure, cell proliferation, differentiation, and apoptosis 
(Miller-Fleming et al., 2015; Pegg, 2016). Not surprisingly, 

polyamine levels are tightly regulated within cells, and dis-
ruption of polyamine metabolism is associated with several 
disease states from neurodegeneration to metabolic disor-
ders and cancer (Miller-Fleming et al., 2015). Even the rel-
ative proportions of different polyamines within cells are 
critically important. For example, the X-linked intellectual 
disability disorder, Snyder-Robinson syndrome, is caused 
by a deficiency in Spm because of the inactivation of the 
Spm synthase gene (Cason et al., 2003).

Given the importance of polyamines, cells have de-
veloped a variety of mechanisms to tightly control their 
biosynthesis, catabolism, and transport. Although the 
mechanisms regulating polyamine biosynthesis and catab-
olism are well understood (Casero and Pegg, 2009; Pegg, 
2009), the molecular events that lead to polyamine trans-
port in mammalian cells are less clear (Poulin et al., 2012). 
It has generally been assumed that mammalian cells must 
express a currently unidentified polyamine transporter(s) 
to regulate intracellular polyamine levels (Poulin et al., 
2012; though see Sala-Rabanal et al., 2013). As a result, the 
potential role of ion channels, such as AMP​ARs, as poly-
amine transporters has been inadvertently overlooked.

Polyamine transport may be causally linked to  
AMP​ARs through their proposed roles in certain can-
cers. For example, elevated levels of polyamines have 

Figure 7. S permine conductance is increased by auxiliary proteins. (A–C) Relative conductance of Na+ (left axis, gray lines) and 
Spm (right axis, colored lines) for GluA2, GluA2-γ2, and GluA2 + CNIH-3, calculated from G–V fits using the two-conductance model 
of polyamine block (Eqs. 16 and 17). (D–F) Proportion of open channels that are nonconducting (B; broken lines), conducting either 
Na+ (ONa, black lines) or Spm (OPA, colored lines), calculated from the two-conductance model of polyamine block (Eqs. 23 and 24).
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long been associated with cell growth and cancer (Ger-
ner and Meyskens, 2004), with more recent work link-
ing AMP​ARs to cancer. For example, AMP​AR expression 
has been linked to the occurrence of pancreatic (Ripka 
et al., 2010; Herner et al., 2011) and kidney (Hu et al., 
2014; von Roemeling et al., 2014) cancers. Further-
more, AMP​AR antagonists attenuate tumor growth in 
breast and lung carcinoma, colon adenocarcinoma, 
and neuroblastoma cells (Rzeski et al., 2002; Stepulak 
et al., 2007). The elevated levels of extracellular poly-
amine levels, coupled with the prolonged signaling of 
ionotropic glutamate receptors reported in many can-
cers (Prickett and Samuels, 2012), would provide the 
appropriate environment to permit the slow but steady 
transport of polyamines into cells, even at resting mem-
brane potentials. Consequently, although the mecha-
nism by which AMP​ARs stimulate tumor growth is still 
unresolved, the ability of AMP​ARs to transport polyam-
ines reported in the present study may be an important 
mechanism to consider in future studies.
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